Anticipating significant growth in aircraft operations over the next 16 years, the Joint Planning and Development Office (JPDO) released in June 2007 a Concept of Operations document that describes how the Next Generation Air Transportation System (NextGen) might operate in 2025. As envisioned, NextGen will require development of a complex, netcentric system of systems in which existing systems must be merged seamlessly with new systems and technologies. Systems of this kind present formidable risks and difficulties in their design, construction, deployment, and evolution. As a way of reducing these risks and addressing these difficulties, Boeing developed and patented our Enterprise System of Systems Engineering (SoSE) Process. This process combines a model-based approach with the framework of the traditional systems engineering process to create an entirely new architecture-centric, stakeholder-driven system architecture development tool. For a system of systems like NextGen, the SoSE Process would result in a seamless description of the system architecture from the enterprise goals and objectives down to each of the constituent system's configuration items and could provide an ideal framework for the iterative and evolutionary process the JPDO envisions for development of the air transportation system of the future.
II. Using the Boeing System of Systems Engineering Process
The Boeing System of Systems Engineering (SoSE) Process represents a significant advance in the definition of commercial and military net-centric system of systems architectures and the constituent systems architectures. The process is a fully integrated systems engineering approach that serves as a complexity management tool by involving all of the engineering disciplines in a collaborative architecture development environment. Its implementation results in a balanced system architecture model that horizontally integrates the views of all engineering disciplines participating in a project and supports both civilian and military domain applications. For a system of systems like NextGen, the SoSE Process would result in a seamless description of the system architecture from the enterprise goals and objectives down to each of the constituent system's configuration items.
The SoSE Process describes the course of action for developing, documenting, and managing systems architectures from the relatively simple to the very large and complex. This process combines a model-based approach with the framework of the traditional systems engineering process to create a new architecture-centric, stakeholder-driven system architecture development tool. It emphasizes concurrent development of the system architecture model and the system specifications at all development levels. This model provides an intuitive, visual depiction of the system structure, allocated capabilities, and interfaces.
The SoSE Process is currently being used on both military and nonmilitary government system of systems programs within Boeing. The resulting architecture models have provided both an effective product development approach for our product development teams and unprecedented visibility into the system design for government stakeholders. The application of this process, or a similar architecture development process, could be of significant value to the stakeholders of the NextGen system.
III. Creating System Architecture Models
All system architecture models are abstractions of the as-yet-unrealized system. For a system of systems to be built as envisioned by the stakeholders, the architecting organization must have a mechanism to communicate the vision and track the construction against that vision. That mechanism is the system architecture model. System architecture models are indispensable complexity management tools because they significantly reduce the risk that important elements of the architecture will be omitted or will be inadequately communicated to the stakeholders. Each architecture model is intended to provide insights into all aspects of the system. The SoSE Process takes the operational capability requirements-which are expressed as stakeholder and/or program goals and standards and/or strategies-and transforms them into a responsive system solution using a coherent sequence of actions. This solution is described in the system architecture model and reflects the knowledge gained through analysis, modeling, and simulation. The architecture description document, stakeholder views, and specification documents are extracted from the architecture model.
The SoSE Process provides detailed guidance for developing and managing systems architectures. Figure 2 illustrates the principal inputs to the SoSE Process, the principal products of this process, and the analysis, modeling, and simulation that are done to assess the significant architecture decisions that must be made to create the architecture model. This figure also shows example products that can be derived from the model and/or supporting analysis. 
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IV. Common Characteristics of a System of Systems
The NextGen system is, in reality, a system of systems. A system of systems is often thought of as a supersystem comprised of elements that are themselves complex, independent systems which interact to achieve a common goal (Fig. 3) . The constituent systems of a system of systems achieve well-substantiated purposes in their own right even if detached from the overall system. These constituent systems are managed in large part for their own purposes rather than the purposes of the whole. They exhibit behavior, including emergent behavior, not achievable by the constituent systems acting independently. Constituent systems, functions, and behaviors may be added or removed while the system of systems is in an operational state. These common characteristics of a system of systems differentiate it from a stand-alone complex system, which is not designed to accommodate the adding or removing of principal components and functions during its operation. Transforming our stand-alone complex Figure 3 . A system of systems is comprised of complex, independent systems that interact to achieve a common goal.
V. The Challenge of Evolving Complexity
American scientist and mathematician Warren Weaver viewed science as a way of solving problems and enhancing communication. As long ago as 1947, he observed that, before 1900, scientists had found ways to deal with problems of simplicity, which were characterized by two, three, or as many as four variables. During the early twentieth century, they had discovered that the seeming randomness of disorganized complexity could be tamed by techniques of probability theory and statistical mechanics. But in the mid-twentieth century, they were still searching for ways to solve the problems of organized complexity. 2 Weaver defined these problems as ones that "involved dealing simultaneously with a sizable number of factors which are interrelated into an organic whole" and offered as examples efforts to understand viruses and genes, predict commodity prices, stabilize currency, explain the behavior patterns of organized groups persons, find a cure for cancer, and prevent war.
Weaver believed that the future of the world depended in large measure on solving problems of this third type and that what he termed the "wickedness of war" had produced two specific advances that held great promise. The first of these advances was the development of "new types of electronic computing devices" that had far more flexibility and capacity than their mechanical forerunners and could carry out computations of intricate complexity with astounding speed. Weaver predicted that these new devices would "make it possible to deal with problems which previously were too complicated" and would inspire the development of new methods of analysis applicable to the problems of organized complexity.
The second of these advances was what Weaver called the "'mixed-team' approach of operations analysis." Under the pressure of war, teams of mathematicians, physicists, engineers, and representatives of the biochemical and social sciences had pooled their knowledge and focused their skills on solving overarching problems. Weaver believed that, in peacetime, some scientists would similarly "seek and develop for themselves new kinds of collaborative arrangements" involving colleagues drawn from all fields of science, that their efforts would be Definition: Definition: A system of systems (SoS) is a A system of systems (SoS) is a " "super super--system system" " comprised of elements that are themselves comprised of elements that are themselves complex, independent systems which interact to achieve a common complex, independent systems which interact to achieve a common goal.
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"instrumented by huge computers," and that this combination of computation, collaboration, and communication would enable these scientists to address and effectively solve the problems of organized complexity. Weaver was right. By the early 1970s, scientists were beginning to address these problems through what became known as Systems Engineering. This relatively new scientific discipline developed in part because of the need to measure, describe, and predict physical behaviors that did not fit neatly or entirely into existing formulas and equations. These behaviors were not individual, isolatable, or discrete but, instead, were the complex movements of multiple components interacting as integral parts of larger systems. Their measurement, description, and prediction required that they be analyzed and understood within the system of which they were a part. In other words, to solve problems of this increased degree of complexity required an entirely different approach, one that was interactive and collaborative, not isolated and discrete. Within the past ten years, another level of complexity has been added with the movement from stand-alone systems to net-centric systems of systems.
In 2000, Boeing understood that evolving from being a developer of stand-alone systems to being a developer of net-centric systems of systems required our product teams to have a revised and extended Systems Engineering process, one that would not only enable them to deal effectively with static organized complexity but also would equip them to meet the challenge of evolving organized complexity (Fig. 4) . To address this need, a team of systems and software engineers developed and patented the Boeing System of Systems Engineering Process. This process combines a model-based approach with the framework of the traditional Systems Engineering process but emphasizes collaboration among engineering disciplines and stakeholders to create a system architecture model. Experience has shown that the SoSE Process and the collaborative development environment it fosters enable users to effectively manage the evolving complexity of net-centric systems of systems. 
VI. Complexity and the Net-Centric Operations Tenets
The power of collaboration inherent in network-centric operations provides a way to solve the class of problems characterized by what Weaver termed "organized complexity." The tenets of net-centric operations (NCO) were listed by David S. Alberts and Richard E. Hayes in Power to the Edge 3 and are as follows: 6 2. Information sharing and collaboration enhance quality of information and shared situational awareness. 3. Shared situational awareness enables collaboration and self-synchronization. 4 . These, in turn, dramatically increase mission effectiveness. Application of these tenets is transforming the U.S. military and the Department of Defense from a non-networked, stove-piped, and redundant command-and-control hierarchy into a robustly networked force sharing information by means of a secure infrastructure that enables self-synchronization by actors in the field and, ultimately, more effective military operations.
The Boeing System of Systems Engineering Process reflects these NCO tenets by encouraging creation of a robustly networked system architecture team and giving members of this team a tool that improves their information sharing. Information sharing by team members (i.e., engineers and stakeholders) in a collaborative environment enhances the quality of their information and their shared situational awareness. They share a common view of the stakeholder goals and objectives, the system of systems operational concepts developed, and the constituent systems architecture. In other words, they know what types of systems have been selected, the functional requirements allocated to each of those systems, and the interfaces between all of the systems.
Having this shared situational awareness relative to the system architecture model enables team members to work more efficiently on their individual project assignments when they are apart and to collaborate more effectively when they are together. Thus, it facilitates the self-synchronization of the engineers working separately on technical analyses to support architectural decisions. Taken together, improved quality of information, shared situational awareness, robust collaboration, and increased self-synchronization enhance the efficiency and effectiveness of product development teams. Because the Boeing SoSE Process is based on these NCO tenets, it has the qualities required to enable a system architecture team to recognize, quantify, and manage the emergent behavior that arises from the inherent complexity of a net-centric system of systems.
VII. Emergent Behavior
One of the challenges involved in designing and developing systems of systems is emergent behavior. Ralph Stacey calls emergent behavior "emergence," which he defines as "the production of global patterns of behavior by agents in a complex system interacting according to their own local rules of behavior, without intending the global patterns of behavior that come about." 4 These behaviors exist in complex systems or systems of systems and can be beneficial, harmful, or both.
Emergence is the primary cause of operational success and the primary reason for operational failure in systems of systems. Success in systems of systems requires recognition, effective management, and exploitation of emergence. An accurate and complete system architecture model for a system of systems is required to measure the existence, type, and level of emergent behavior of the system of systems. The challenge in developing a particular system architecture model is how to understand the initiation mechanisms of the emergent behaviors so that the resident beneficial emergent behaviors can be enhanced or extended with selected changes in the current system architectural models. 5 The emergent behavior of a system of systems often results from and can be attributed to the complexity that exists as a result of the complex interactions of the constituent systems. The emergent behavior of the individual constituent systems is the result of the complexity that arises from the interactions at and between the components of the multiple subsystem levels that comprise the systems. The complexity attributed to the components of a system cannot be seen directly at the system of systems level. Only the collective effects of the components that constitute the emergent system behavior can flow upward and constitute the inputs to the complexity at the enterprise SoS level and the resultant emergent behavior witnessed by the observers of the enterprise system of systems.
VIII. Complexity Management
The SoSE Process strongly supports a product development team's architectural complexity-management needs. The complexity-management attribute of a SoS architecture model lies in its ability to readily identify the interactions and relationships among components of the architecture, permitting teams to learn quickly which components have the greatest impact at the system level and subsequently at the enterprise system of systems level.
The SoSE Process uses a hierarchical framework of capabilities to organize the complexity of the SoS architecture (Fig. 5) . Each of the SoS development levels and their relationships are shown. In the context of this framework, capabilities are the means to accomplish an operation or a task decisively, given a governing set of conditions and standards.
In Fig. 5 , the SoS level of the hierarchical framework is the most abstract and the highest level of commercial or government policy being considered for the instance being analyzed. This level describes the goals or motivation for the enterprise system of systems. For the military, the goal includes a mission capability; for the NextGen enterprise system of systems, the goal includes an enterprise capability.
The second level of the hierarchical framework describes the operational capabilities needed at the system of systems level to achieve the goals specified in level one. It describes a set of capabilities-each containing activities, from a problem domain view (not implementation or technology)-that a system of systems performs to yield an observable or measurable result. 
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The third level of the hierarchical framework depicts the system-level operational capabilities of the operational nodes that constitute the structure of the system of systems. This is the specification of a system's operational capabilities allocated to it. It describes as a set of capabilities-each containing activities, from a problem domain view (not implementation or technology)-that a system performs to yield an observable or measurable result.
The fourth level is the system functional capabilities level. This is the specification of a system's behavior required to achieve the system's operational capabilities, which were allocated at the third level. Functional capabilities are described as a set of sequences, each containing activities-from the solution view (includes implementation or technology)-that the system performs to yield an observable or measurable result.
The fifth level of the hierarchical framework depicts the technical subsystem functional capabilities that are needed to achieve the system functional capabilities identified at the fourth level.
The system of systems hierarchical framework is mirrored in the organization of the system architecture teams (SAT) created to develop a product's architecture (Fig. 6 ). These teams are comprised of representatives from all of the associated engineering disciplines and of related stakeholders, including acquirers, users, architects, developers, and evaluators. They have various roles with regard to the creation and use of architecture descriptions. For example, the system architecture team develops and maintains a system architecture that will satisfy the stakeholders' mission objectives. In doing so, members of this team may work with requirements provided by the stakeholders or may be responsible for eliciting and developing requirements as part of the architecture development process. The SoSE Process provides detailed system architecture development instructions to a program's system architecture team. These instructions describe what should be done and how to do it. During the course of creating an architecture model, the system architecture team uses the SoSE Process to generate all of the systems architecture products and the related architecture views that comprise a system's architecture. In addition, the team extracts system specifications and "design to" specifications from the architecture model at each level of the system of systems down to the configuration items. The SoSE Process steps also suggest, where applicable, net-centric-related guidance and references to increase the system architecture team's efficiency and effectiveness. The system architecture team develops an Architecture Description Document (ADD) and populates it with model diagrams and the supporting information from the system architecture model. The steps of the SoSE Process also identify which architecture model diagrams to use as the basis for the Department of Defense Architecture Framework (DoDAF) products. From the system of systems goals identified and the mission analyses performed, the system architecture team can generate portions of an Operational Concept Document (OCD). In addition, the team can extract system specifications and "design to" specifications from the architecture model at each development level of the system of systems and the constituent systems. Thus, establishing and maintaining an active System of Systems Engineering Process-based system architecture team contributes significantly to managing the complexity associated with developing the system architecture model for a system of systems.
A use-case diagram showing the six SoS-level goals and examples of the NextGen stakeholders is shown in Fig. 7 . It is just one of the many architecture diagrams that would be generated using the System of Systems Engineering Process to describe the important elements and relationships at the enterprise system of systems level. This is the top-level diagram that is analyzed to generate details of the enterprise system of systems operational capabilities, which are subsequently allocated to operational nodes and systems. The use-case stakeholder relationship lines were included by the authors to provide a completed notional view of the enterprise use cases and their value to the stakeholders. This view is especially valuable to the NextGen developers and the related The top-level air transport community stakeholders are associated with the highest-level enterprise or mission objective, or policy goal. The enterprise SoS operational capability goals describe the motivation for the system of systems and its purpose. An example of stakeholder sources from which goals might be derived was provided in the document entitled Concept of Operations document. The Decomposition/Allocation/Evaluation process pattern derives the capabilities (operational or functional) required at an architecture level to achieve the capabilities or objectives of its parent (next-higher level) architecture level. The outputs of the process pattern at one level serve as the inputs to the same process pattern at the next-lower architecture level.
The core of the pattern shown in Fig. 8 involves decomposing functional objectives into activities and finding achievable or implementable clusters of functionality for these activities. This decomposition and allocation seeks to answer the question, "What activities and clusters are required to support our assigned objectives?"
The goals, objectives, and/or measures for the architectural level under development may evolve over its development period. A changed goal or objective for the current architecture level will affect the subsequent lower level architectures but not the levels above it. For example, the effect of changes in mission goals can be determined only by cycling back through all of the product development levels using the new values; however, changes at the system level will affect only that system and its subsystems.
The use of a SoSE-developed architecture model mitigates the effects of mission goal changes on a program's cost and schedule by allowing the development team to quickly trace where these changes influence the subsequent development level values. When a detailed parameterized systems analysis model and tool is tied to the system architecture model, the effects of evolving needs and requirements can be readily determined by updating the systems analysis and modifying the architecture accordingly, avoiding potentially extensive engineering rework. Because so much of the effort at each development level involves choosing entities (decomposition, allocations, and measures) from large sets of options, the successful execution of these steps relies heavily on successful patterns and taxonomies developed and accepted within the domain Community of Interest (COI). Domain-based reference architectures also work well when current mission objectives are within the experience base of the domain's COI.
As a part of the SoSE Process, all SoS-Level operational capabilities are divided into their constituent activities. During this step, the operational capabilities are decomposed and expressed in terms of the activities needed to accomplish these capabilities. A successful decomposition of the operational capabilities must be complete, meaning that the decomposition approach chosen must offer assurance that the collection of identified activities is sufficient to enable the capabilities of interest. Fig. 9 depicts a notional example of the decomposition of four NextGen operational capabilities, which were listed in the Concept of Operations document, 1 and their subsequent allocation to four NextGen operational nodes, which were also suggested in that document. The heart of the decomposition process shown in Fig. 9 is the identification of operational-node-level activities and the assignment of these activities to the various nodes. Although this allocation is depicted as a top-to-bottom process, there is an iterative component. Only after assessing the results of the next lower level of development can members of the system architecture team fully measure the effectiveness of their allocations at the previous higher level. Often the lower-level results suggest useful changes that should be made at the higher level. Useful results from this approach can be attained only by clustering mission-specific activities that are complementary in time and location to each operational node. 
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IX. Enterprise Operational Effectiveness
The Boeing System of Systems Engineering Process approach supports assessment of the single system effectiveness for complex systems operating in a stand-alone platform-centric environment and the mission effectiveness for a system of systems (Fig. 10) .
Many of the air transportation community's legacy systems have been developed primarily for single platformcentric operations, and their single system effectiveness was optimized at the system operational level. When these systems are net-enabled for operation in a joint operations system of systems, the resulting single system effectiveness for each system is a contributor to the system of systems operational effectiveness at the enterprise level.
The Boeing SoSE Process provides a detailed, coherent method for assessing system of systems operational effectiveness by measuring the single system effectiveness of the constituent systems that comprise the system of systems. According to the Engineer Design Handbook-System Analysis and Cost-effectiveness, issued in 1971 by the U.S. Army Material Command, single system effectiveness is "a measure of the extent to which a system may be expected to achieve a set of specific minimum [operational] requirements. It is a function of the system's availability, dependability, and capability." Figure 10 . NextGen stakeholders need specific operational capabilities at each operational level and will use these capabilities to measure system of systems mission effectiveness.
X. Conclusion
In conclusion, the Boeing System of Systems Engineering (SoSE) Process represents a significant advance in the definition of commercial and military net-centric system of systems architectures and the constituent systems architecture. For a system of systems like NextGen, this process would result in a seamless description of the system architecture from the enterprise goals and objectives down to each of the constituent system's configuration items and would benefit the initiative in the following ways:
-The Boeing System of Systems Engineering (SoSE) Process provides detailed guidance to the architecture development organization for development of the enterprise system of systems architecture. -This system architecture model serves as a single common Truth model with the ability to incorporate the design viewpoints of all engineering disciplines. -The hierarchical framework of the Boeing SoSE Process substantially increases the probability of a common stakeholder interpretation of the intended system functionality. -Ongoing access to the model results in complete and continuous communication of the architectural information to all stakeholders, providing them with shared situational awareness. -Access to the model encourages early individual stakeholder validation of the operational environment, the proposed system of systems structure, and the candidate constituent systems. -This approach supports system evolution through the management of the system architecture model.
